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Textile reinforced concrete (TRC) has emerged as a promising alternative wherein corrosion is no longer
an issue and much thinner and light-weight elements can be designed. Although TRC has been ex-
pansively researched, the formalization of experimental methods concerning durability arises when
attempting to implement and design such innovative building materials. In this study, accelerated ageing
tests paired with tensile tests were performed. The change in physico-mechanical properties of various
commercially available textile reinforcements was documented and evaluated. The ability for the re-
inforcements to retain their tensile capacity was also quantified in the form of empirical degradation
curves. It was observed that accelerated test parameters typically applied to fibre-reinforced polymer
(FRP) bars and grids are generally too aggressive for the textile reinforcement products and alternative
boundary conditions are necessary. The developed degradation curves were found to have an overall
good correlation with the experimental findings.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Textile reinforced concrete (TRC) not only presents sustainable
advantages [1] but has also been found to be a suitable material for
structures such as thin cladding and sandwich elements [2,3].
These alternative reinforcement materials are typically made of
alkali-resistant (AR) glass, basalt or carbon fibres and offer a much
lower density (1800–3000 kg/m3) in comparison to steel re-
inforcement bars (7850 kg/m3) which further contributes to a re-
duction in dead weight. Nonetheless, questions regarding the
long-term durability arise when attempting to design and imple-
ment new building materials such as TRC, as there is minimal
long-term performance or durability data available [4,5].

TRC can be generally characterised as a three-phase material
consisting of a cementitious matrix, fibre-yarn structure as well as
a fibre-matrix interface. This heterogeneous material can be ex-
posed to various degradation processes over its service life, such as
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fibre degradation due to chemical attack, fibre-matrix interfacial
physical and chemical interactions, and volume instability and
cracking [6]. These degradation processes can occur individually or
simultaneously which in turn makes the characterisation of the
long-term performance of fibre-based composites complex. An-
other aspect which is critical to understand is that fibre-based
reinforcement materials are marked by small surface defects or
weak zones resulting from production and handling processes [7].
These defects have been found to be one of the factors con-
tributing to strength loss of the final reinforcement product. Par-
ticularly concerning glass fibres, these weak zones have been ob-
served to consequently grow when exposed to sustained loading
conditions as a result of a mechanism called static fatigue or de-
layed failure [7,8]. The static fatigue strength of the composite is
related to the critical flaw size, stress level and exposure condi-
tions which govern the crack growth rate of surface defects [9].

Individual fibres incorporated in the yarns which form the
textile reinforcement grid are typically composed of a sizing ma-
terial applied during production which serves primarily as a sur-
face protection [10]. This applied sizing could greatly influence the
degradation process and long-term performance of the composite
[11–13], particularly concerning AR-glass and basalt fibres. During
the service life, TRC and the reinforcement could face such
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Table 1
General properties of the studied reinforcement materials.

Material (Product/Supplier) Coating Grid Spacing 0°/90° [mm] Weight [g/m2] Tensile strength of yarn [N]

AR-glass (Glasfiberväv Grov), Sto Scandinavia AB Styrene-butadiene resin (SBR), 20% 7/8 210 4400
Basalt (Mesh-10–100), Sudaglass Fiber Technology Inc. Undisclosed resin, 17% 10/10 165 1152
Carbon (SIGRATEX Grid 250-24), SGL Group Styrene-butadiene resin (SBR), 15% 17/18 250 4243
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boundary conditions like the high alkalinity of the concrete pore
water (peak during hydration), varying temperature and humidity
loads, carbonation as well as sustained and cyclic loading and fa-
tigue which could all have an effect on its long-term mechanical
behaviour. As such, the critical zones of degradation will most
likely be the fibre sizing-coating and the fibre-matrix interface.

Durability performance is most accurately measured in real-
time [5]; however, typically having time as a constraint, ac-
celerated ageing tests [6] or experimentally calibrated models [10]
have been used to predict the long-term performance of textile
reinforcement, fibres or fibre-reinforced polymers (FRP) in a ce-
mentitious matrix. A common method to accelerate the ageing of
fibres in the form of FRP rods or textile reinforcement consists of
immersing them in a simulated or actual concrete pore solution,
i.e. alkaline environment, while simultaneous being exposed to
high temperature [10,14]. For instance, this method has been used
to measure the loss of tensile strength exclusively due to the so-
called chemical corrosion process related to AR-glass textile re-
inforcement [15]. Alternatively, basalt or glass fibre yarns have
been immersed in sodium hydroxide (NaOH) and hydrochloric
acid (HCl) solutions for varying time periods [16] or 3-ionic solu-
tions to target localised attack [17,18]. Electron-microscopes have
commonly been applied to investigate the degradation phases of
the fibre-yarn surface [18] or the fibre-yarn-matrix interface [13].
Accelerated ageing of textile reinforcement cast in concrete has
also been conducted in climate chambers at varying temperatures
or moisture conditions followed by the quantification of loss of
tensile strength and bond through various mechanical tests
[4,13,19,20]. A time-dependent model was even developed and
calibrated to determine the strength loss of AR-glass textile re-
inforcement in TRC [21–23], which was thereafter applied to de-
sign a pedestrian bridge [24]. Although a number of accelerated
tests have been reported in this field of study, researchers have
applied varying experimental methods and have investigated dif-
fering materials making them subjective and to some degree non-
comparable.
2. Research significance

In this study, accelerated tests paired with direct tensile tests
were performed according to ISO 10406-1 [25] pertaining to fibre-
reinforced polymer (FRP) bars and grids. It was of key interest to
forecast the so-called long-term mechanical behaviour and ma-
terial degradation of various commercially available textile re-
inforcement products for potential use in new façade solutions.
Alternative boundary conditions were also included in the scope of
work to investigate the discrete influence of two key variables on
material ageing, i.e. temperature and pH of a simulated pore so-
lution. The change in physico-mechanical properties of the various
textile reinforcements was documented and evaluated in this
work. The ability for the reinforcement materials to retain their
tensile capacity was also quantified in the form of empirical de-
gradation curves. The study also included development of meth-
ods for preparation of end anchorage, gripping system to the
testing machine and measurement of strain up to failure.
3. Experimental programme

3.1. Textile reinforcement

AR-glass, basalt and carbon textile reinforcement grids pri-
marily selected based on the current availability of commercial
products were investigated. TRC building applications have pri-
marily focused on the use of AR-glass and carbon fibre materials,
but natural and polymer fibres have also been researched for this
application [5]. The use and durability of AR-glass has been deeply
investigated for use in TRC as it has been both cost effective and
readily available [21]. Alternatively, basalt fibres, mineral fibres
extracted from volcanic rock, are often compared to glass fibres,
such as E-glass and AR-glass, due to existing similarities in their
chemical composition [11,16,26]. Regarding carbon fibre materials,
the price per square metre of product is still significantly higher
than the other alternatives, which is primarily because it is still
most commonly demanded in other industries such as automotive
and aerospace. General material and mechanical properties are
commonly provided by the textile reinforcement producers, such
as those data presented in Table 1, and at times also including the
modulus of elasticity and elongation. The methods used to obtain
the mechanical properties vary based on the source, which could
decrease the soundness of the available data. Even so, tensile
testing of these reinforcement materials was conducted according
to the standard method stated in ISO 10406-1 [25] to base further
evaluations in this study on these obtained data.

3.2. Test specimen preparation

The mechanical properties and durability of the selected textile
reinforcement materials were investigated. Specimen preparation
and test methods provisioned in ISO 10406-1 [25] were applied to
determine the tensile capacity, tensile rigidity and ultimate strain
of the textile reinforcement alternatives pre- and post-immersion
into an alkaline solution. The textile reinforcement, initially in the
form of a grid, was cut into so-called individual yarns with a re-
maining 2 mm projection of the cross-points (crossbars) as well as
more than three cross-points along the length.

The method applied for gripping the specimens in tensile tests
is known to be crucial for the test results, and various methods
have previously been evaluated for tensile tests of FRP-bars [27].
The method must be suitable for the given specimen geometry
while transmitting only the tensile force along the longitudinal
axis of the specimens. It should also be ensured that premature
failure of the specimen does not take place in the grip zone which
is an undesirable failure mode. Accordingly, various types of end
anchorage were evaluated in this study which led to the conclu-
sion that an aluminium tube with epoxy resin was the most sui-
table method as it allows for the tensile force to be transmitted to
the specimen by shear stress within the epoxy. Other gripping
methods, such as clamp-to-yarn, emery cloth, rubber sheets and
aluminium tabs were found to underestimate the tensile strength
of the material which resulted in the specimens to either slide out
of the test grip or fail within the grip.

The aluminium tubes used as end anchorage had a length
ranging from 75–100 mm, outer diameter of 15 mm and inner



Fig. 1. Geometry and layout of a tensile test specimen with end anchorage.

Fig. 2. Overview of the tensile test setup and reference metal cross-pins.

Fig. 3. Specimen bundle exposed to the test boundary conditions.
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diameter of 12 mm. The inside of the tubes were roughened and
cleaned with acetone to achieve superior bonding with the epoxy.
An epoxy resin with 10% sand filler (NM Injection 300, Nils Mal-
mgren AB) was used. A special device was developed to keep the
specimens and the tubes concentrically and vertically aligned
during the epoxy setting, such that 14 specimens could be pre-
pared simultaneously. The specimen ends were prepared in two
phases; one end was firstly cast in the aluminium tube followed by
a 24 h hardening period of the epoxy, thereafter the specimen was
upturned and the second end was prepared using the same pro-
cedure. The total specimen length was 500 mm and the end an-
chorage length, Le, was 75–100 mm on either side of the specimen
as depicted in Fig. 1. The tested length, L, was set to 300–350 mm
which meets the minimum specified length of Z300 mm. In ad-
dition, the gauge length of the extensometer measuring the strain,
Lg, was 100 mm.

3.3. Tensile strength test

Tensile strength tests were conducted in accordance with ISO
10406-1. The tests were carried out using a universal testing ma-
chine (Sintech Model 20/D) and the force was recorded by a load
cell with a rated capacity of 10 kN and an accuracy better than 1%.
The deformation was measured by a Messphysik Videoextens-
ometer ME46 with backlight technique as illustrated in Fig. 2. The
measuring gauge length was chosen as approximately 100 mm as
previously mentioned and was marked by two reference metal
cross-pins. A great advantage of using a video extensometer is that
it is possible to measure the deformation up to failure of the
specimen, i.e. the ultimate strain can be determined directly. A
mechanical extensometer most often has to be removed before
failure to avoid risk of damage, thereby causing the ultimate strain
to be extrapolated by the assumption of linear elasticity. The force
and deformation were recorded in a data acquisition systemwith a
sampling rate of 20 Hz. The load was introduced to the specimen
by gripping the end anchorages in the conventional hydraulic grips
of the testing machine. A clamp pressure of 4 MPa was applied to
the anchorage at both ends. The specimens were generally pre-
loaded by a force of 20 N; however, in certain cases a larger pre-
load of approximately 100 N was needed to adequately straighten
out the specimens in order to obtain correct deformation mea-
surements. The tests were controlled by the cross-head displace-
ment of 3 mm/min, corresponding to a strain rate of approxi-
mately 5�10�3/min within the measuring length. The average
temperature during testing was measured to be 25 °C. Tensile tests
of at least five test samples of each reinforcement material were
conducted for pre- and post- immersion conditions.
3.4. Alkali resistance test

The alkali resistance of the reinforcements was also in-
vestigated according to ISO 10406-1 [25]. The test consists of im-
mersing linear pieces of textile reinforcing grid with extraneous
parts cut away in an alkaline solution (pH413) while being ex-
posed to a temperature of 6073 °C for 30 days. The prepared al-
kaline solution should have a similar pH value to that of the pore
solution of concrete in order to simulate the environment in which
textile reinforcement could face when embedded in a concrete
matrix. The alkaline solution provided in the standard consists of
8.0 g of sodium hydroxide (NaOH) and 22.4 g of potassium hy-
droxide (KOH) in 1 l of deionized water. The alkalinity of this so-
lution was measured to be approximately pH 14.

The linear test pieces were bundled and sealed by epoxy resin
end caps to prevent infiltration of the solution. The linear test
pieces were thereafter immersed in the alkaline solution in plastic
cylindrical containers illustrated in Fig. 3. The plastic containers
were sealed and placed in a climate chamber. Test specimens were
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immersed during 5, 10, 20 and 30 days to enable the quantification
of the gradual degradation of the material. Once removed from the
alkaline solution, the test specimens were rinsed in dionized water
and visually examined prior to commencing with the end ancho-
rage preparation for tensile testing. The test specimens were not
subjected to any tensioning load during the period of immersion.

One main drawback of this standard test method is such that it
does not lead to the quantification of the actual lifespan of the
reinforcement materials, yet it allows for a relative comparison of
how the materials withstand the prescribed boundary conditions.
Secondly, the boundary conditions are thought to overestimate the
realistic conditions encountered by reinforcement embedded in a
concrete matrix [10]. Thirdly, these suggested conditions may not
be suitable for all the tested materials because they have differing
physical and chemical processes leading to degradation [6].
Therefore, samples were also immersed in deionized water (pH 7)
and exposed to a temperature of 6073 °C for 30 days to observe
the sensitivity of the fibres to temperature. Then again, test sam-
ples immersed in both pH 7 and pH 14 were exposed to room
temperature (2073 °C) for 10 days to determine whether the high
alkaline solution could be the controlling degradation parameter.
An experimental test matrix, shown in Fig. 4, depicts the various
cases included, as well as how these tests were carried out during
the course of the study. The presented test IDs, i.e. C0, B0 and A0,
will be referred to throughout the remaining text.
4. Results

4.1. Visual observations

The visual observations noted after the alkali resistance tests
are reported in this section. The external appearance of the textile
reinforcement specimens was examined pre- and post-immersion,
for comparison of colour, surface condition and change in shape.

The carbon textile reinforcement pre-immersion specimen (C0)
was compared to the associated post-immersion specimens (C1-
10, C1-20, C1-30, C2). After 10–30 days of immersion in pH 7 and
pH 14 at 60 °C, there was no significant visible change of colour or
surface texture and all samples were intact. According to these
Fig. 4. Overview of the exp
results, accelerated testing using the alternative boundary condi-
tions, so-to-say Cases 3 and 4, was not conducted.

The basalt textile reinforcement post-immersion specimens
(B1-5, B1-10, B1-20, B1-30, B2, B3, and B4) were compared to the
reference pre-immersion specimens (B0). The B1-5 specimens
were not marked by any major visual changes and could be tested
in tension. This product however showed signs of degradation
after 10 days of immersion in the standard conditions, which in-
cluded colour change and the start of coating separation towards
the surface. The remaining specimens exposed to the standard
conditions (B1-20, B1-30) were also marked by colour change and
what appears to be the lifting of the coating to the surface, which
is exemplified in Fig. 5. These post-immersed specimens lost a
great deal of physical strength to the point that they either broke
during the handling process (B1-10) or prior to removal from the
solution (B1-20, B1-30) and therefore could not undergo tensile
testing. It should be noted that the cross-points were a particular
weak point in the structure, such that the coating built up in these
locations and caused the cross-threads to lift and the samples to
break at these localised points.

In order to obtain a better understanding of the cause of such
extensive deterioration, specimens were also immersed in a so-
lution of pH 7 at 6073 °C for 30 days (Case 2). The observed
degradation was similar to the specimens exposed to the standard
conditions, yet these could be further tested in tension. Moreover,
to verify if the elevated temperature of 60 °C was the governing
factor in this equation, specimens were also immersed in pH 7 and
pH 14 for 10 days at 2073 °C (Cases 3 and 4). The samples ex-
posed to both of these alkalinity levels, namely B3 and B4, had a
slight build-up of coating at the cross-points and minor colour
change. The B3 samples had a loss of strength to the extent that
they could be brokenwith a slight pulling force at the cross-points.

The visual observations for the AR-glass textile reinforcement
exposed to all conditions were compared to the pre-immersion
samples (A0). The reinforcement pieces exposed to the standard
conditions (A1-5, A1-10, A1-20, A1-30) were marked by the loss of
the majority of cross-threads which revealed a thinner layer of
sizing in these locations, wherein an example is shown in Fig. 6.
These samples also lost a significant amount of physical strength
and could be easily broken by hand at the cross-points. Similar
erimental test matrix.



Fig. 5. Visual comparison between pre- (B0) and post-immersion (B1-30) for the basalt product.

N. Williams Portal et al. / Journal of Building Engineering 5 (2016) 57–66 61
observations to those described for the samples which faced the
standard conditions were also noted for Case 2 (A2). Specimens
exposed to Case 3 (A3) had a slightly wavy structure, yet had re-
tained sufficient physical strength. Lastly, those immersed ac-
cording to Case 4 (A4) were intact with most cross-threads and
could not be easily torn apart.

4.2. Tensile tests

Tensile tests were performed on the selected textile reinforce-
ment materials for pre- and post-immersion conditions. In the
case where tensile tests could not be conducted due to the extent
of sample degradation, particularly concerning basalt and AR-
glass, additional tensile tests related to alternative boundary
conditions were thus conducted. The primary mechanical prop-
erties extracted from the tensile test results consisted of the ulti-
mate tensile capacity, Fu, and ultimate strain εu. The tensile ri-
gidity, EA, was calculated from the load–strain relation as the se-
cant modulus between the load level at 20% and 50% of the tensile
capacity. Furthermore, the tensile capacity retention rate, RET, and
tensile rigidity retention rate, REA, which can be used to measure
the relative mechanical degradation of the post-immersed re-
inforcement specimens were computed. The tensile capacity re-
tention rate is defined as per ISO 10406-1 [25] and the tensile ri-
gidity retention rate is included in this work as an additional
comparative parameter. The retention rates are described as per
Eqs. (1) and (2):

( )= ⋅ ( )R F F/ 100 1ET u1 u0

( )= ⋅ ( )R E E/ 100 2EA A1 A0

where, Fu0 is the tensile capacity and EA0 is the tensile rigidity pre-
immersion, and Fu1 is the tensile capacity and EA1 is the tensile
rigidity post-immersion, all values in Newton.

A compilation of the mean tensile test results along with the
associated standard deviations are reported in Table 2. Further-
more, the tensile test results for the pre-immersed (reference)
samples are compared to the post-immersed ones in terms of
applied load versus strain in Fig. 7. It should be noted that the
strain is shifted from zero by an indicated change in strain for
various data sets to enhance the overall visual clarity.
Fig. 6. Visual comparison between pre- (A0) and po
The tensile behaviour of all the reinforcements depicted in
Fig. 7 have a brittle material behaviour signifying that there is no
intermediate yielding point, and as such failure occurs upon
reaching the ultimate stress. Concerning the carbon textile re-
inforcement, there is a general increasing trend noted for all
measured and calculated parameters. The basalt and AR-glass
samples aged according to the standard conditions of Case 1 were
not measurable due to the extent of degradation with the excep-
tion of specimens aged for five days (B1-5, A1-5); wherein the
strain up to failure could not be measured due to the fragility of
the aged specimens. When exposed to Cases 2 and 3, the tensile
capacity and the ultimate strain were observed to significantly
decrease. Based on Fig. 7, no particular remarks could be made
regarding the effect of Case 4.
5. Discussion

5.1. Retention rates

The tensile capacity and rigidity retention rates are graphically
illustrated for the sake of comparing the mean values, data scatter
and confidence intervals for all tested cases. The tensile capacity
and rigidity retention rates shown in Fig. 8 were statistically
evaluated using a two-sample t-test procedure assuming equal
variances and corresponding to a confidence interval of 95%. Re-
spective 95% confidence intervals were thereafter calculated based
on these statistical data according to common statistical methods
for two samples found in e.g. Montgomery, Runger et al. [28]. The
calculated confidence interval is shown to indicate whether or not
the mean value is significantly different from the reference. From
this type of comparison, existing trends in the retention rates can
be depicted and confirmed for each reinforcement alternative.

The carbon textile reinforcement samples exposed to the
standard conditions of 60 °C, pH 14, 30 days (Case 1) appear to
have a significant increase in tensile capacity and no change in
tensile rigidity. The results pertaining to the samples aged for
60 °C, pH 7, 30 days (Case 2) indicate no major change in tensile
capacity but a notable increase in tensile rigidity. The cause of the
noted increase is likely related to the stiffening of the applied resin
at high temperatures which has also been observed by Heg-
ger, Horstmann et al. [3]. Moreover, these results correlate with
the notion that carbon fibres in the form of FRP and textile
st-immersion (A1-30) for the AR-glass product.



Table 2
Mean tensile test results (standard deviation in parentheses).

Case Reinforcement type Tensile capacity,
Fu (s) [kN]

Ultimate strain, ε
u (s) [%]

Tensile rigidity,
EA (s) [kN]

Tensile capacity reten-
tion rate, RET (s) [%]

Tensile rigidity reten-
tion rate, REA (s) [%]

Reference Pre-immersion Carbon (C0) 1.88 (0.23) 0.87 (0.06) 221.38 (5.05) – –

Basalt (B0) 0.62 (0.03) 2.85 (0.08) 23.73 (0.49) – –

AR-glass (A0) 0.41 (0.02) 1.91 (0.10) 22.49 (0.49) – –

1 60 °C, pH 14, 30 days
(ISO 10406-1)

Carbon (C1-30) 2.36 (0.03) 1.01 (0.03) 235.68 (18.60) 125 (2) 106 (8)
Basalt (B1-5) 0.02 (0.01) – – 3 (2) –

Basalt (B1-10, B1-20, B1-
30)

Not measurable

AR-glass (A1-5) 0.14 (0.03) – – 33 (7) –

AR-glass (A1-10, A1-20,
A1-30)

Not measurable

2 60 °C, pH 7, 30 days Carbon (C2) 2.14 (0.21) 0.91 (0.14) 234.33 (6.75) 114 (11) 106 (3)
Basalt (B2) 0.39 (0.01) 1.70 (0.10) 23.13 (0.66) 62 (2) 97 (3)
AR-glass (A2) 0.15 (0.03) 0.73 (0.10) 20.54 (2.62) 35 (7) 91 (12)

3 20 °C, pH 14, 10 days Basalt (B3) 0.32 (0.02) 1.37 (0.08) 23.38 (0.98) 52 (3) 99 (4)
AR-glass (A3) 0.27 (0.01) 1.37 (0.11) 19.75 (1.43) 65 (3) 88 (6)

4 20 °C, pH 7, 10 days Basalt (B4) 0.56 (0.05) 2.52 (0.23) 24.11 (0.58) 90 (8) 102 (2)
AR-glass (A4) 0.40 (0.04) 1.77 (0.17) 23.15 (0.59) 97 (10) 103 (3)
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reinforcement are thought to be chemically inert as they have
been found to be resistant to alkaline-induced deterioration
[14,29] and possess a general high resistance to chemical en-
vironments [5].

To further analyse the retention rates pertaining to AR-glass, it
is necessary to describe possible degradation mechanisms
Fig. 7. Applied load versus strain of tested textile reinforcement sample
typically affecting glass fibres which are categorized accordingly:
(1) chemical attack of filaments by alkalis (corrosion) [30], (2)
static fatigue or delayed failure of filaments resulting from surface
flaws [7,8], and (3) mechanical attack due to matrix densification
[19]. Similar degradation mechanisms have also been reported for
basalt fibres, yet it should be noted that basalt fibres possess
s: (a) Carbon, (b) Basalt and (c) AR-glass (note the differing scales).



Fig. 8. The tensile capacity retention rate (left) and tensile rigidity retention rate (right).
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differing chemical compositions whereby a high iron content may
be responsible for an inferior alkali-resistance [11,31].

It can be further ascertained from Fig. 8, that a discernible loss
of tensile capacity of AR-glass has taken place for all cases except
for 20 °C, pH 7, 10 days (Case 4). A clear decrease in tensile rigidity
was observed for AR-glass for 20 °C, pH 14, 10 days (Case 3).
Moreover, the lowest tensile capacity retention rates were noted
as 33% and 35% under the conditions of 60 °C, pH 14, 5 days (Case
1) and 60 °C, pH 7, 30 days (Case 2), respectively. It has been sti-
pulated by others that the deterioration of AR-glass textile re-
inforcement increases with increasing pH value and also with
temperature [5,19], which also correlates with the reported find-
ings. In other studies, AR-glass fibres exposed to high tempera-
tures (50–60 °C) while placed in a cement environment, i.e. pore
solution, were found to face significant strength loss [8,30]. It was
also reported in Chen, Davalos, et al. [32] that glass fibre reinforced
polymer bars had most significant strength loss for solutions at
60 °C. As aforementioned, the underlying deterioration mechan-
ism related to glass are fairly complex, yet it can be pressumed
here that the observed strength loss is attributed to a combination
of chemical attack and static fatigue of the reinforcement.

A noticeable decay in tensile capacity for the basalt textile re-
inforcement samples were marked for Cases 1 (60 °C, pH 14,
5 days), 2 (60 °C, pH 7, 30 days) and 3 (20 °C, pH 14, 10 days). This
product had the lowest tensile capacity retention rate of 3% (Case
1) followed by 52% (Case 3) which may indicate its sensitivity to
high alkalinity. As for the samples exposed to 20 °C, pH 7, 10 days
(Case 4), the upper bound of the confidence interval for the tensile
capacity borders the reference baseline such that this decrease in
capacity is uncertain. Also, the resulting loss in tensile rigidity can
be concluded as insignificant in comparison to the reference mean
value. On the whole, basalt fibres have been described as having a
low alkaline resistance despite the accelerated ageing conditions
and exposure medium, i.e. pore solution or concrete matrix. De-
pending on the exposure medium, however, differing degradation
mechanism have been noted, such as the formation of thick cor-
rosion surface layers or pitting formation [11]. Despite the use of
additional surface coatings commonly applied to AR-glass, e.g.
styrene-butadiene, basalt fibres still show extensive loss of me-
chanical performance due to the dissolution of the surface leading
to loss of cross-sectional area [12].

Furthermore, it is interesting to note the slight difference be-
tween the tensile capacity retention of AR-glass (65%) and basalt
(52%) under exposure Case 3. From these results, it can be stipu-
lated that both materials are being dissolved by chemical attack by
alkalis since these are fundamentally made of silicon dioxide
(SiO2), thereby leading to structure and strength loss [7,16]. As
previously mentioned, certain basalt products have been found to
have a lower resistance to an alkaline environment compared to
AR-glass products. Based on these findings, however, it could so-
lely be deduced that the particular applied styrene-butadiene
sizing could potentially be providing additional surface protection
in the case of AR-glass.

As previously mentioned, the retention rates for both basalt
and AR-glass were nearly unmeasurable for the standard condi-
tions with the exception of those specimens tested after 5 days of
ageing (Case 1). Alternatively, in such cases, the measurement of
the residual yarn or fibre diameter as demonstrated in Förster and
Mäder [10] could be applied in further studies to yield com-
plementary results and to observe the influence of the applied
sizing [11]. The analysis of the chemical degradation of the ma-
terial, i.e. in terms of surface morphology, could also be worth
examining, similar to a study by Wei, Cao et al. [16], in order to
more accurately target the source of degradation.

5.2. Variable sensitivity

Multiple-linear regression has been applied to correlate certain
of the independent variables, which are included in the ac-
celerated testing, namely temperature and time. The regression
was applied separately to specimens aged at pH 7 and pH 14, due
to the large difference between these values associated to loga-
rithmic scale. It should be noted that the chemical constitution of
the textile reinforcement products and chemical composition of
the ageing solution are also independent variables which have an
important impact on the degradation but are explicitly excluded
from this scope for the sake of obtaining an empirical model based
on the outputs of the standard ISO 10406-1 [25] test method.
Based on the experimental test matrix (see Fig. 4) and presented
test data (see Table 2), it was concluded that multi-variable re-
gression is solely possible for AR-glass and basalt as carbon was
only tested when the temperature and time variables were si-
multaneously at three upper bound values. As an initial trial, the
degradation of the tensile capacity, denoted as y, related to AR-
glass and basalt reinforcement products is assumed to follow an
exponential model, also applied in Cuypers, Orlowsky, et al. [23]



Table 3
Table with regression coefficients (standard deviation in parentheses).

Products pH value Regression coefficients [dimensionless] Reference
mean ten-
sile capa-
city [kN]

Intercept, a b1 b2

Basalt 7 �4.83E�01 �1.03E�02 �1.33E�04 0.62 (0.03)
(2.77E�02) (3.75E�03) (8.10E�05)

14 �4.83E�01 �6.54E�02 �1.74E�02
(2.60E�01) (3.52E�02) (1.57E�03)

AR-glass 7 �8.92E�01 �3.88E�03 �7.77E�04 0.41 (0.02)
(5.80E�02) (7.85E�03) (1.70E�04)

14 �8.92E�01 �4.29E�02 �4.57E�03
(6.40E�02) (8.67E�03) (3.64E�04)
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where the logarithmic of the tensile capacity is taken as per Eqs.
(3) and (4):

( )= + ⋅ + ⋅( − )⋅ = + ⋅( )⋅ ( )y a b b T a b T tln t 20 t 31 2

= ( + ⋅( )⋅ ) = ( )⋅ ( ⋅( )⋅ ) ( )y a b T a b Texp t exp exp t 4

where, t is time in days; T is temperature in °C; a is the intercept
representing the reference tensile capacity at 20 °C and 0 days; the
regression coefficients b1, and b2 represent the degradation per
time unit: b1 for the reference (20 °C, 0 days), and b2 for the effect
of increased temperature. Thus, the degradation per time unit can
be formulated as a function of temperature, viz. b � (T)¼b1þb2
� (T�20). In Eq. (4), the first term, exp(a), is equivalent to the mean
tensile capacity in kN, while the second term, exp(b � (T) � t), is the
tensile capacity retention rate in percent. The three parameters
can be estimated using multiple-regression which are summarised
in Table 3 and plotted in Fig. 9 along with the relevant experi-
mental results. The degradation curves presented for the tested
basalt and AR-glass products are empirically based on the plotted
experimental results. These curves depict an initial trial to corre-
late and present the data obtained from the ISO 10406-1 [25] test
method. A good agreement was found between the degradation
curves and the experimental data. However, it is important to state
that there exists underlying uncertainty in these curves which
Fig. 9. Empirical degradation curves for the
could be further improved by means of additional experiments at
varying boundary conditions. Since no results could be measured
from 10 to 30 days at pH 14 and 60 °C, this part of the degradation
curve cannot be validated for either basalt or AR-glass. There is
also a scatter in the associated data at 5 days giving rise to un-
certainty. Furthermore, these presented curves are based on the
fact that the entire degradation of the product will follow an ex-
ponential model, which may not be the case if a given turning
point was to occur in the degradation behaviour. Other sources of
error could be related to the continued degradation reaction of the
specimens due to entrapped test solution taking place after re-
moval from the accelerated testing environment until conducting
the experiment.

This illustrated method could be further validated by means of
additional data sets. Since the boundary condition specified by the
standard ISO 10406-1 [25] test was too aggressive, particularly for
the basalt and AR-glass textile reinforcement grids, it is suggested
that the accelerated testing technique could be altered. For in-
stance, textile reinforcement samples could be subjected to var-
ious tensioning loads during accelerated ageing, whereby time
upon failure becomes an independent variable. As well, testing
could also be conducted in an actual concrete pore solution or
better yet in a concrete matrix instead of a pure alkaline solution.
In reality, the reinforcement will not be in direct contact with al-
kalis when cast in concrete as the movement of alkali are said to
be partly restricted by the solid porous material [10]. Alternatively,
given a façade panel application, the reinforcement will likely not
be found in a constant state of wetness during service life such
that wetting and drying cycles could be a more appropriate testing
method [6]. The findings obtained from this experimental study
could be used to predict the strength retention as a function of real
time while reflecting the actual environmental conditions of the
intended use according to a similar approach proposed by Dejke
[10]. A larger data set corresponding to the same test solution, e.g.
pH 14, is however required to enable a correlation in terms of a
time shift factor, TSF (see [10]).
selected basalt and AR-glass products.
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6. Conclusions

The tensile behaviour of selected textile reinforcement pro-
ducts was investigated under accelerated ageing conditions as per
ISO 10406-1 [25]. It was observed that the tested carbon textile
reinforcement has a superior alkali and temperature resistance,
while the standard conditions were found to be too aggressive for
the tested basalt and AR-glass products causing them to have
nearly unmeasurable capacity after ageing. Testing the reinforce-
ment grids according to alternative accelerated ageing schemes
yielded significant trends, whereby the AR-glass product was
found to be temperature sensitive particularly at 60 °C and could
retain more tensile strength (65%) than basalt (52%) while being
exposed to 20 °C, pH 14, 10 days. It is thought that the type and
amount of applied sizing has a significant impact on these ob-
served results. Empirical exponential models of the degradation of
the tensile retention rate were developed as a function of tem-
perature and time for the basalt and AR-glass products; the
models were calibrated through linear regression. The models had
an overall good correlation with the experimental data, yet could
be further verified by means of additional experiments. Further-
more, the carbon reinforcement grid’s tensile capacity and rigidity
were generally maintained under all tested conditions, thus sig-
nifying favourable durability properties. Despite it having the
highest initial cost, it is thought that its enhanced durability could
provide a long-term payback. It is important to note that the
conclusions reached in this study cannot be directly applied to
other textile reinforcement materials or fibres as each material
differs in terms of chemical composition, fabrication and applied
sizing. The main drawback of this applied test method is the fact
that the simulated pore solution may have overestimated or in-
adequately represented realistic boundary conditions of textile
reinforcement in a concrete matrix.

This work also included the development of methods which
could be used to support those pertaining to tensile tests in the ISO
10406-1 [25] standard such as the preparation and selection of
end anchorage, as well as a method to measure the strain up to
failure. In further studies, it could be worth investigating a larger
experimental sample size, alternative temperature and time ran-
ges, wetting/drying cycles, test solutions and degradation of ma-
terials subject to tensioning load during ageing. It could also be
valuable to analyse the chemical degradation processes affecting
the surface structure of the reinforcement. Overall, there remains a
need for an accelerated ageing test method tailored to TRC, as well
as a database or model that can predict the residual tensile
strength (and/or long term performance) of various textile re-
inforcement products according to real-time degradation due to
varying mechanical and environmental load conditions.
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